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1. INTRODUCTION 

Microwave (MW) sensors offer several advantages, including 

compact design, high accuracy, low cost, ease of production, and 

straightforward testability when compared to other alternatives. Due to 

these clear advantages, MW sensors are essential in a variety of sectors, 

including healthcare [1], the food industry [2], defense [3], and the 

general industry [4]. In recent years, researchers have undertaken 

numerous studies on sensing applications using MW sensors [5-6]. 

Based on our literature review, it was found that the quality factor (Q-

Factor) is a crucial performance parameter. This parameter may present 

potential limitations, and the sensors proposed in existing studies often 

exhibit shortcomings in these areas [7]. Some of the studies conducted in 

this field in the literature have been examined and analyzed in detail. 

Tamer et al. developed and systematically analyzed a metamaterial-

based liquid sensing device integrated with a microstrip transmission 

line. In the proposed configuration, a sensing layer is positioned along the 

radiating edge of a patch antenna fabricated on an FR-4 substrate [8]. 

Viskadourakis et al. introduced microwave-based complementary split-

ring resonator structures. Specifically, millimeter-scale complementary 

split-ring resonators were fabricated using a computer numerical control 

technique in conjunction with a custom-built mechanical engraving 

system. Their electromagnetic characteristics were extensively analyzed 

over the 2–9 GHz frequency band [9]. Islam et al. designed and assessed 

a metamaterial-based sensor design architecture. For the proposed 

design, the authors investigated key design parameters, including the 

resonator width, split gap dimensions, and the choice of substrate 

material. A metamaterial-based sensor featuring a star-shaped circular 

split-ring resonator was introduced for operation in the X-band frequency 

range [10]. In a separate investigation, Al-Mudhafar et al. developed and 

fabricated a PCB-based microwave active antenna sensor operating at 

approximately 3 GHz for liquid characterization. The proposed sensor 

was designed using the advanced design system (ADS) electronic design 

automation software [11]. Han et al. introduced a metamaterial-based 

microwave sensor design employing a complementary split-ring 

resonator (CSRR) configuration to evaluate the dielectric properties of 

both liquid and solid samples. The proposed design functions at a 

resonant frequency of 2.45 GHz and features a compact physical size of 

40 mm × 30 mm × 0.6 mm. The design aims to characterize the dielectric 

permittivity of the tested materials [12]. In contrast, Çakmak et al. 

presented an alternative approach that offers new insights into the 

dielectric characteristics of structural materials. The study examined the 

mechanical performance, microstructural features, and dielectric 

behavior of mortar specimens incorporating pozzolanic constituents such 

as obsidian (OB), silica fume (SF), fly ash (FA), and ground granulated 
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Microwave sensor designs offer unique advantages, including low cost, compact size, and 

high accuracy. In this context, they play critical roles in various fields, including health, 

the food industry, and defense. Resonance-based microwave resonator design constitutes 

an important class of sensors due to their superior sensitivity and accuracy. This study 

proposes a reproducible and feasible microwave resonator design with the potential to 

characterize samples. This resonator has the potential to achieve detection through a shift 

in the resonant frequency and/or a change or deterioration in the quality factor after the 

sample is placed in the resonator. As a result of the literature review, it has been identified 

that the quality factor (Q-factor), depth of transmission/reflection scattering parameters, 

and structural simplicity are critical performance parameters for the proposed design. 

Moreover, these parameters pose potential limitations and drawbacks in the sensors 

presented in the literature. The proposed transmission-based sensor design exhibits better 

performance compared to sensors available in the literature, with an approximately 2.66 

GHz resonance frequency and a −61.54  value. The proposed microwave 

resonator design can be preferred in industry and sensing applications. 
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blast furnace slag (GGBS) [13]. Han et al. developed a metamaterial-

based microfluidic microwave sensor design intended for the 

characterization of the dielectric properties of liquid samples. In the 

proposed configuration, the resonator is coupled to a microstrip 

transmission line, while enhanced electric-field confinement is achieved 

through the incorporation of a curved notch within the complementary 

split ring resonator (CSRR) geometry and the integration of a 

polidimetilsiloksan (PDMS)-based microfluidic channel positioned atop 

the resonator [14]. Gürdoğan et al. developed a compact multilayer 

implantable antenna intended for biotelemetry systems functioning in the 

medical implant communication service (MICS) band. The antenna is 

energized through a coaxial probe feed and operates in a single frequency 

band near 400 MHz. Its radiation performance is characterized by a 

relatively consistent pattern distribution within the operating range. 

Furthermore, the evaluated specific absorption rate (SAR) levels were 

found to remain within the permissible limits defined by international 

safety standards for this band [15]. Topal et al. presented the design and 

fabrication of a space-qualified magnetic torque rod developed as an 

attitude control actuator for satellite platforms. The proposed device is 

intended for deployment across multiple orbital regimes, including Low 

earth orbit (LEO, 400–700 km), medium Earth orbit (MEO, 18,000–

22,000 km), and global positioning system (GPS) satellite missions. The 

study emphasizes its suitability for providing reliable attitude and 

orientation control under varying space environment conditions [16]. 

Karan et al. investigated the electromagnetic radiation (EMR) emitted by 

wireless network adapters equipped with high-gain antennas and 

conducted a comparative assessment against other common EMR 

sources. Experimental measurements were performed at both short-

range and long-range distances from the transmitting unit in order to 

evaluate the variation of radiation levels with respect to separation 

distance [17]. Examination of similar studies in the literature revealed 

that they were not at a sufficient level in terms of quality factor and depth 

of transmission/reflection scattering parameters. To address these 

limitations and drawbacks [7], this study proposes a MW resonator 

design that is repeatable, practical, and has the potential to respond to 

changes in dielectric parameters. The proposed design exhibits effective 

performance with high Q-factors using low-cost dielectric material. The 

proposed sensor design outperforms other designs reported in the 

literature [8-14], operating at a frequency of 2.66 GHz with a Q-factor of 

1330. Moreover, the proposed design stands out as a promising candidate 

for MW detection applications due to its advantages, including superior 

quality and compact design. 

 

2. MATERIALS AND METHODS 

This section will provide a detailed discussion on the design and 

analysis process of the MW resonator. The dimensions of the proposed 

configuration were carefully analyzed, leading to the achievement of the 

optimum design. The final version of the configuration is presented in 

Figure 1 along with its dimensions in Figure 1(a) and energy ports in 

Figure 1(b). Simulations were conducted using the finite integration 

technique (FIT) within the computer simulation technology microwave 

software. The frequency domain solver was employed with the highest 

resolution and an accuracy level of 10-12. The number of cells per 

wavelength was automatically adjusted to ensure the accurate simulation 

of S-parameters. The mesh type used in the simulation was selected as a 

tetrahedral mesh, with the minimum and maximum transition numbers 

per wavelength set to 3 and 8, respectively. 

 
(a) 

 
(b)  

Fig. 1. (a) Front, (b) perspective view of the proposed sensor. 

 
The design comprises a group of square resonators and a 

transmission line on the top, an FR-4 dielectric layer in the 

middle, and a copper grounding layer at the bottom. In the 

proposed design, the FR-4 material was characterized by a loss 

tangent value of 0.025, a permittivity of 4.3, and a thickness of 

1.52 mm. The reasons for choosing FR-4 material in this study 

include cost analysis, market availability, and repeatability. The 

configuration has overall dimensions of 40 × 40 mm² and is 

optimized for operation within the 0.1–5 GHz frequency range. 

The number of cells per wavelength was automatically adjusted 

to enable the simulation of the S-parameters. The value 

of the transmission-based sensor designed in the CST program is 

shown in Figure 2, where the resonance frequency is 

approximately 2.66 GHz, and the  value is nearly -61.54 
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dB. Electric field distributions were examined to understand the 

working principle of the proposed sensor. Changes in the electric 

field provide information about the amount of energy the sensor 

can store [10]. The electric field distributions of the proposed 

design were simulated with air at the resonance frequency of 2.66 

GHz. As seen in Figure 3, the electric field intensity is higher (red 

bubble) in the components that make up the resonator. As a result, 

the proposed design is capable of detecting even the smallest 

changes in the electrical properties of the sample. 

 

Fig. 2. Response of the proposed sensor without a 

sample (air). 

 
Fig. 3. E-field distribution of the proposed sensor with air. 

 

3. RESULTS AND DISCUSSIONS 

It is observed that the resonance frequency of the proposed 

sensor is 2.66 GHz, and the  value is -61.54 dB in an air 

environment. In the proposed design, it was simulated in the 0.1-

5 GHz frequency range by using different substrate materials 

instead of the preferred FR-4 substrate material. The aim here is 

to show why FR-4 material is preferred in design. In the proposed 

design, instead of FR-4 substrate material, Rogers RO3003C, 

Rogers RO4003C, and Rogers RT5870 substrate materials were 

placed and simulated. The results obtained are presented in Figure 

4 and show that the proposed transmission resonance design with 

FR-4 (proposed) substrate material reached approximately -61.54 

dB at the 2.66 GHz resonance frequency. Similarly, the 

simulation results (resonance frequency & magnitude) with 

RO3003C, RO4003C, and Rogers RT5870 substrate materials are 

2.81 GHz & -55.21 dB, 2.61 GHz & -52.27 dB, 3.13 GHz & -

57.47 dB, respectively.   

 
Fig. 4. Impact o f the proposed sensor caused by the 

different substrate materials.  

 

The performance of the sensor is typically evaluated using 

dimensionless sensor parameters, such as Q-factor [10]. 

Equations (1) and (2) are used to calculate the Q-factor and 

bandwidth frequency of the proposed sensor. Here, fc and fb 

represent the resonance frequency and the bandwidth frequency 

of the proposed design. The bandwidth frequency is higher and 

lower frequencies corresponding to  the resonance 

frequency fc, lower than 3 dB.  

                                                                                                 (1)                                                         

                                                                                         (2)                                                      
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Table 1 presents a performance comparison of our proposed 

sensor design and other sensors in the literature [8-14] in terms of 

Q-Factor, substrate material used in the sensor design, magnitude 

value at resonance, and resonance frequency. From Table 1, it is 

noted that our proposed design can be fabricated on the relatively 

inexpensive FR-4 substrate, which is cheaper than the other 

materials. Besides, our sensor has a significantly high Q-Factor 

and deepest magnitude (dB) value compared with those of the 

design in the studies [8-14].    
 

Table 1. Comparison of the proposed design with other designs 

available in terms of various factors.  

 

 4. CONCLUSION  

In this study, a microwave resonator design with high quality, 

cost-effectiveness, and repeatability is proposed for sensing 

applications. The response of the proposed design with air was 

simulated. In addition, instead of the FR-4 dielectric substrate 

used in the proposed design, Rogers RO3003, RO4003C, and   

RT5870 materials were simulated, and their reactions were 

observed. According to the results obtained, it is understood that 

the FR-4 dielectric substrate is more efficient than other materials 

based on geometry-dependent optimization effects. In addition, 

the electric field distribution analysis of the proposed design was 

performed, and it was shown that the intensity of the electric field 

was more intense in the parts forming the resonator (red bubble), 

especially in the capacitive regions of the resonator. Furthermore, 

the performance parameters of the proposed sensor design, Q-

factor, were evaluated. The calculations showed that the sensor 

design has a Q-factor of 1330. The proposed sensor design was 

compared with other sensor designs in the literature, using several 

criteria as references. Based on these comparison results and 

analyses, the proposed microwave sensor design is a promising 

candidate for sensing applications. 

 

Acknowledgement 

I would like to express my gratitude to the Rector of Kilis 7 

Aralık University, Prof. Dr. Zekeriya Akman, for the institutional 

support and suitable academic environment provided during the 

preparation of this study. 

 

References 

[1] O. Korostynska, A. Mason, A. Al-Shamma’a, “Microwave 

sensors for the non-invasive monitoring of industrial and medical 

applications,” Sensor Review, 34(2), pp. 182–191, 2014. 

[2] U. C. Hasar, H. Hasar, H. Ozturk, H. Korkmaz, Y. Kaya, M. 

A. Ozkaya, A. Ebrahimi, J. J. Barroso, V. Nayyeri, O. M. Ramahi, 

"Simple and inexpensive microwave setup for industrial-based 

applications: Quantification of flower honey adulteration as a case 

study,” Scientific Reports, 14(1), p. 8847, 2024.  

[3] P. Hudec, J. Raboch, M. Randus, K. Hoffmann, A. Holub, M. 

Svanda, M. Polivka, “Microwave radar sensors for active defense 

systems,” in 2009 European Radar Conference (EuRAD), pp. 

581–584, Rome, Italy, October 2009.   

[4] E. Nyfors, “Industrial microwave sensors-A review,” 

Subsurface Sensing Technologies and Applications, 1(1), pp. 23–

43, 2000.   

[5] M. H. Bhatti, M. A. Jabbar, M. A. Khan, Y. Massoud, “Low-

cost microwave sensor for characterization and adulteration 

detection in edible oil,” Applied Sciences, 12(17), p. 8665, 2022. 

[6] M. Bakır, M. Karaaslan, F. Karadag, S. Dalgac, E. Ünal, O. 

Akgöl, “Metamaterial sensor for transformer oil, and 

microfluidics,” Applied Computational Electromagnetics Society 

Journal, 34(5), pp. 799–806, 2019.    

[7] M. A. Khalil, W. H. Yong, M. T. Islam, A. Hoque, M. S. 

Islam, C. C. Leei, M. S. Soliman, “Double-negative metamaterial 

square enclosed QSSR for microwave sensing application in S-

band with high sensitivity and Q-factor,” Scientific Reports, 

13(1), p. 7373, 2023. 

[8] A. Tamer, F. Karadağ, E. Ünal, Y. I. Abdulkarim, L. Deng, O. 

Altintas, M. Bakır, M. Karaaslan, "Metamaterial-based sensor 

integrating transmission line for detection of branded and 

unbranded diesel fuel," Chemical Physics Letters, vol. 742, p. 

137169, March 2020.  

[9] Z. Viskadourakis, A. Theodosi, K. Katsara, M. Sevastaki, G. 

Fanourakis, O. Tsilipakos, V. M. Papadakis, G. Kenanakis, 

“Engraved split-ring resonators as potential microwave sensors 

for olive oil quality control,” ACS Applied Electronic Materials, 

6(5), pp. 3846–3856, 2024.     

[10] M. R. Islam, M. T. Islam, A. Hoque, A. S. Alshammari, A. 

Alzamil, H. Alsaif, M. Samsuzzaman, M. S. Soliman, “Star 

enclosed circle split ring resonator-based metamaterial sensor for 

fuel and oil adulteration detection,” Alexandria Engineering 

Journal, vol. 67, pp. 547–563, March 2023.    

[11] A. A. Al-Mudhafar and A. M. Ra’ed, “High-precise 

microwave active antenna sensor (MAAS) formulated for sensing 

liquid properties,” Sensors and Actuators A: Physical, vol. 341, 

p. 113567, July 2022. 

[12] X. Han, K. Liu, S. Zhang, P. Peng, C. Fu, L. Qiao, Z. Ma, 

“CSRR metamaterial microwave sensor for measuring dielectric 

constants of solids and liquids,” IEEE Sensors Journal, 24(9), pp. 

14167–14176, 2024. 

[13] T. Çakmak, C. Murat, İ. Ustabaş, “A novel study on dielectric 

aspect of mortars about multi-binder structures consisting of 

divergent binders,” Structures, vol. 77, p. 109066, July 2025.  

[14] X. Han, K. Liu, S. Zhang, “High-sensitivity dual-band 

microfluidic microwave sensor for liquid dielectric 

characterization,” IEEE Sensors Journal, 24(22), pp. 36689–

36697, 2024.      

[15] O. Gürdoğan, A. E. Aydın, S. C. Başaran, “Multilayered 

implantable antenna design for biotelemetry communication,” 

Turkish Journal of Electromechanics and Energy, 3(1), pp. 27–

30, 2018. 

Reference Res. Freq.(GHz) Magnitude Substrate Q-Factor 

[8] 8.63 -43 dB FR-4 - 

[9] 3.03 -38 dB FR-4 16.2 

[10] 10.17 −42.18 dB FR-4 430 

[11] 2.94 -39.98 dB FR-4 350 

[12] 2.45 -45 dB FR-4 120 

[13] 6.105–6.235 - - - 

[14] 2.75 -37 dB Rogers 4003 - 

  This work 2.66 -61.54 dB FR-4 1330 



H. Korkmaz, U. C. Hasar, K. Delihacıoğlu, Turk. J. Electromec. Energy, 11(1) 3-7 (2026)    

7 
 

[16] U. Topal and H. Can, “Development and critical design of 

magnetic torque rod for low earth orbit satellites,” Turkish 

Journal of Electromechanics and Energy, 9(1), pp. 3–9, 2024.  

[17] Y. Karan and N. As, "Electromagnetic radiation 

measurement of a high-gain wireless network adapter," Turkish 

Journal of Electromechanics and Energy, 1(2), 2016.  

 

Biographies 

Hüseyin Korkmaz received the B.Sc., 

M.Sc., and Ph.D. (Electromagnetic Fields and 

Microwave Techniques) degrees in Electrical 

and Electronics Engineering from Gaziantep 

University, Gaziantep, Türkiye, in 2016, 

2019, and 2024, respectively. He is supported 

by the Scientific and Technological Research 

Council of Türkiye (TUBITAK) 2211C and 

the Higher Education Council of Türkiye (YOK) 100/2000 

Doctorate scholarship programs. He served as a Doctoral Scholar 

between 2021 and 2023 in the TUBITAK 1001 project with code 

120M763, supported by TUBITAK. He currently works as an 

Assistant Professor at the Department of Electrical and 

Electronics Engineering at Kilis 7 Aralık University. His research 

interests include micro and nanotechnology, photovoltaic solar 

cells, metamaterial-based absorbers, nondestructive testing, 

MXene (and other 2D materials), characterization of 

metamaterials at microwave frequencies, microwave sensors, and 

adulteration detection of some liquids.   

E-mail: huseyin.korkmaz@kilis.edu.tr  

 

Uğur Cem Hasar received the B.Sc. and 

M.Sc. degrees (with honors) in Electrical and 

Electronics Engineering from Çukurova 

University, Adana, Türkiye, in 2000 and 

2002, respectively, and the Ph.D. degree 

(with honors) in Electrical and Computer 

Engineering from State University of New 

York at Binghamton, NY, in 2008. From 

2000 to 2005, he was a Research and Teaching Assistant with the 

Department of Electrical and Electronics Engineering, Çukurova 

University. From 2005 to 2008, he was a Research Assistant with 

the Department of Electrical and Electronics Engineering, Atatürk 

University, Erzurum, Türkiye. Between 2009 and 2011, and 

between 2011 and 2013, he was an Assistant and Associate 

Professor at the same university, respectively. Since 2017, he has 

been a full-time Professor at the Department of Electrical and 

Electronics Engineering in Gaziantep University.   His main 

research interests include nondestructive testing and evaluation of 

materials using microwaves, millimeter waves, and THz 

frequencies, novel calibration-dependent and calibration-

independent techniques, porous silicon-based devices and their 

applications, metamaterials, and sensor technologies.   

E-mail: uchasar@gantep.edu.tr  

 

 

 

 

 

Kemal Delihacıoğlu received the B.Sc., 

M.Sc., and Ph.D. degrees in Electrical and 

Electronics Engineering from Gaziantep 

University, Gaziantep, Türkiye, in 1995, 

1998, and 2007, respectively. He currently 

works as a full professor at the Department of 

Electrical and Electronics Engineering at 

Kilis 7 Aralık University. His research 

interests include frequency-selective surfaces, metamaterials, 

chiral media and chirality, microwave sensors, and absorbers.  
E-mail: kemal@kilis.edu.tr 
 
 

mailto:huseyin.korkmaz@kilis.edu.tr@gmail.com
file:///D:/dergi%20çalışma/sayı%2011_1/huseyin.korkmaz@kilis.edu.tr
mailto:kemal@kilis.edu.tr

